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*_ *, Attorney Docket No. C002-1 001 -US 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Group Art Unit: . Examiner: 

Serial Number: Fiteri: On Even Date Herewith 

Patent No. Issued: . 

Applicants : Che-Kuanq Wu and Laurie Ann Wu 

For: DIRECT WRITE-ALL GLASS PHOTOMASK BLANKS 

VERIFIED STATEMENT (DECLARATION) CLAIMING SMALL ENTITY STATUS 
(37 CFR 1.9(f) AND 1.27(b)) - INDEPENDENT INVENTOR 

As a below named inventor, I hereby declare that I qualify as an independent inventor as defined in 
37 CFR 1.9(c) for purposes of paying reduced fees under section 41(a) and (b) of Title 35, United 
States Code, to the Patent and Trademark Office with regard to the invention described in 

0 the specification filed herewith. 

□ application serial no. filed on ■ 

□ this patent. 

I have not assigned, granted, conveyed or licensed and am under no obligation under contract or 
law to assign, grant, convey or license, any rights in the invention to any person who would not 
qualify as an independent inventor under 37 CFR 1 .9(c) if that person had made the invention, or to 
any concern which would not qualify as a small business concern under 37 CFR 1.9(d) or a nonprofit 
organization under 37 CFR 1.9(e). 

Each person, concern or organization to which I have assigned, granted, conveyed or licensed or 
am under an obligation under contract or law to assign, grant, convey, or license any rights in the 
invention is listed below: 

0 No such person, concern, or organization exists. 

□ Each such person, concern, or organization is listed below. 



Name of Entity: 



O Individual □ Small Business Concern □ Non-Profit Organization 

Address: 



Separate verified statements are required from each named person, concern, or organization having 
rights to the invention averring to their status as small entities. (37 CFR 1 .27) 

I acknowledge the duty to file, in this application or patent, notification of any change in status 
resulting in loss of entitlement to small entity status prior to paying, or at the time of paying, the 
earliest of the issue fee or any maintenance fee due after the date on which status as a small entity 
is no longer appropriate. (37 CFR 1 .28(b)). 

I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both, under section 1001 of Title 18 of the United States Code, and that 
such willful false statements may jeopardize the validity of the application, any patent issuing 
thereon, or any patent to which this verified statement is directed. 

Signature ^ Date October 30. 1997 

CHE-KUANG WU ' 



DIRECT WRITE ALL-GLASS PHOTOMASK BLANKS 



CROSS REFFERENCE TO RELATED APPLICATION 

This application is a continuation-in-part of pending U.S. Provisional 
Application No. 60/030,258 filed October 31, 1996 on HEBS-glass Photomask 
Blanks by Che-Kuang Wu. 

BACKGROUND OF THE INVENTION 

U.S. Patents No. 4,567,104; No. 4,670,366; No. 4,894,303; and No. 5,078,771 and 
No. 5,285,517, all of inventions of Che-kuang Wu, described High Energy Beam 
Sensitive glass (HEBS-glass) articles exhibiting insensitivity and/or inertness to 
actinic radiation, the HEBS-glass articles which are darkened and/or colored within a 
thin surface layer of about 0.1-3 |itm upon exposure to a high energy beam, electron 
beam, and ion beams in particular, without a subsequent development step, and 
which need no fixing to stabilize the colored image, since both the recorded image 
and the glass article are insensitive to radiation in the spectral range of uv and longer 
wavelengths. These patents are concerned with Ag+ ion-exchanged glass articles 
having base glass within alkali metal silicate composition fields containing at least 
one of the oxides of transition metals which have one to four d-electrons in an 
atomic state. The base glass composition can be varied widely, spontaneous 
reduction as well as photo-reduction of Ag+ ions are inhibited and/or eliminated due 
to the presence of said transition metal oxides in the glass article. The HEBS-glass 
is suitable for vise as recording and archival storage medium and as phototools. The 
recorded images and/or masking patterns are up-datable, can be any single color seen 
in the visible spectrum, and is erasable by heat at temperatures above about 200°C. 
Heat erasure mode of recording in the high energy beam darkened glass article using 
a high intensity light beam, focused laser beam in particular, was also described. 

Diffractive optics technology is maturing see for example, the publication by 
C.W. Chen and J.S. Anderson, "Imaging by diffraction: grating design and hardware 
results," in Diffractive and Miniaturized Optics, S. H. Lee, ed., Vol. CR49 of SPIE 
Critical Reviews Series (Society of Photo-Optical Instrumentation Engineers,. 
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Bellingham,Wash., 1993) pp. 77-97. Diffractive Optical Elements (DOE's) of 
various designs have been found useful for improving the design and performance of 
optical systems. Instead of using the binary method, such as described in " Binary 
Optics Technology: The Theory and Design of Multi-level Phase Diffractive Optical 
Elements" by G. J. Swanson of MIT, documented in MIT Tech. Rep. 854. (MIT, 
Cambridge, Mass., 1989), a cost-effective way of fabricating large numbers of 
DOE's in the shortest possible turnaround time has become increasingly important. 
Gray scale mask fabrication methods offer these features by drastically reducing the 
amount of processing steps involved to generate a multilevel and monolithic DOE. 
Currently multiplexing schemes exist to fabricate a quasi-gray-scale mask by 
changing the number of area of openings in a binary mask (similar to the halftone 
method) or by photographic emulsions. These approaches were described by Y. 
Opplmger etal in Microelcetron Eng. 23, 449-454 (1994) and by H. Anderson etal in 
Appl. Opt. 29, 4259-4267 (1990). Other methods of fabrication of gray-scale masks 
involve the cumberstone task of multiple binary exposures and following 
evaporation steps such as described by W. Daschner, etal in J. Vac. Sci. Technol. B 
13, 2729-2731 (1995). The High Energy Beam Sensitive (HEBS) glass of the 
present invention offers the advantage of a one-step fabrication of a true gray-scale 
masks. 

SUMMARY OF THE INVENTION 
Since there is no graininess, HEBS-glass is capable of resolution to 
molecular dimensions. HEBS-glass turns dark instantaneously upon exposure to an 
electron beam, the more electron dosage the more it darkens. Therefore, HEBS- 
glass is ideally suited for making gray level masks. HEBS-glass gray level masks 
can be written with an e-beam writer using a 0.1 ^m addressing grid size. Every 0.1 
Urn spot in the 5" x 5" HEBS-glass plate acquires a predetermined transmittance 
value ranging from 100 percent down to less than 0.1 percent upon e-beam 
patterning with a predetermined dosage for each address. A gray level mask made of 
HEBS-glass do not rely on a halftone method. Therefore, it is a true gray level 
mask. 



2 



It is the objective of the present invention to design HEBS-glass 
compositions so that the HEBS-glass gray level mask of the present invention 
facilitates new designs and low cost manufacturing processes for high-performance 
diffractive optics; asymmetric, irregularly shaped microlens arrays; and general three 
dimensional surfaces. 

Application of the HEBS-glass of the present invention include micro-optical 
devices, microelectrical devices, micro-opto-electromechanical devices, integrated 
optical devices, two-dimensional fanout gratings, optical interconnects, fiber 
pigtailing, diffractive optical elements, refractive microlens arrays, microprism 
arrays, micromirror arrays and Bragg grating. 

The essential properties of a HEBS-glass gray level mask which is necessary 
for the fabrication of general three dimensional microstructures are; 

1. A mask pattern or image is grainiless even when observed under 
optical microscope at lOOOx or at higher magnifications. 

2. The HEBS-glass is insensitive and/or inert to photons in the spectral 
ranges employed in photolithographic processes, and is also insensitive and/or inert 
to visible spectral range of light so that a HEBS-glass mask blank and a HEBS-glass 
mask are permanently stable under room lighting conditions. 

3. The HEBS-glass is sufficiently sensitive to electron beam exposures, 
so that the cost of making a mask using an e-beam writer is affordable for many 
applications. 

4. The e-beam induced optical density is a unique function of, and is a 
very reproducible function of electron dosages for one or more combinations of the 
parameters of an e-beam writer. The parameters of e-beam writers include beam 
acceleration voltage, beam current, beam spot size and addressing grid size. 

The essential properties No. 1 and No. 2 are properties of HEBS-glasses 
described in the US patents listed above. However, HEBS-glass compositions 
having a better e-beam sensitivity is in general more sensitive to photon energy as 
well. 

It is the objective of the present invention to optimize HEBS-glass 
composition so that the HEBS-glass of the present invention is sufficiently sensitive 
to electron beam and that the cost of writing a gray level mask is affordable for many 



applications, and yet HEBS-glass of the present invention is totally inert to actinic 
radiation of 436 nm and longer wavelengths and has no sensitivity to actinic 
radiation at 365 nm for practical purposes eg. no significant darkening for 1 5 000 5 000 
exposures in I-line steppers. 

It has been determined that with a given value of e-beam exposure dosage the 
e-beam induced optical density in HEBS-glass is a function of beam acceleration 
voltage, of beam spot size, of beam current and of addressing grid size. Therefore, it 
is another objective of the present invention to design e-beam write schemes such 
that the essential properties No. 3 and No. 4 of a HEBS-glass gray level mask are 
both fulfilled. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 illustrates a qualitative representation of the silver concentration 
profile in HEBS-glass. 

Fig. 2 records absorbence spectra of HEBS-glass No. 3 after flood exposure 
with e-beam at 29 kV acceleration voltage. 

Fig. 3 records absorbence spectra of HEBS-glass No. 3 after flood exposure 
with e-beam at 25 kV acceleration voltage. 

Fig. 4 records absorbence spectra of HEBS-glass No. 3 after flood exposure 
with e-beam at 20 kV acceleration voltage. 

Fig. 5 records absorbence spectra of HEBS-glass No. 3 after flood exposure 
with e-beam at 15 kV acceleration voltage. 

Fig. 6 depicts optical density at 436 nm of HEBS-glass No. 3 versus electron 
dosage. Electron beam exposure was done with EVC flood exposure system at 29 
kV, 20 kV, andlSkV. 

Fig. 7(a) records net optical density at 435 nm versus electron dosage at 30 
kV. Curve A - 250na, 0.4 fim address size, Curve B - 75na, 0.2 \im address size, 
EVC - e-beam flood exposure. 

Fig.7(b) records net optical density at 530 nm versus electron dosage at 30 
kV. Curve A - 250na, 0.4 \im address size, Curve B - 75na, 0.2 (im address size, 
EVC - e-beam flood exposure. 
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Fig. 7(c) records net optical density at 630 nm versus electron dosage at 30 
kV. Curve A — 250na, 0.4 jxm address size, Curve B — 75na, 0.2 |im address size, 
EVC — e-beam flood exposure. 

Fig. 7(d) records data points of the net optical density at 365 nm vs. electron 
dosage, depicts the best fit curve and displays the equation describing the best fit 
curve; the electron beam exposure was done with Cambridge EBMF 10.5 e-beam 
writer operated at 30 kV having a beam current of 250na and an addressing grid 
spacing of 0.4 jj,m. In the equation, Y represents the net optical density at 365 nm 
and X represents values of electron dosage in milli-coulomb/cm 2 . 

Fig. 7(e) records data points of the net optical density at 435 nm vs. electron 
dosage, depicts the best fit curve and displays the equation describing the best fit 
curve; the electron beam exposure was done with Cambridge EBMF 10.5 e-beam 
writer operated at 30 kV having a beam current of 250na and an addressing grid 
spacing of 0.4 \im. In the equation, Y represents the net optical density at 435 nm 
and X represents values of electron dosage in milli-coulomb/cm 2 . 

Fig. 7(f) records data points of the net optical density at 530 nm vs. electron 
dosage, depicts the best fit curve and displays the equation describing the best fit 
curve; the electron beam exposure was done with Cambridge EBMF 10.5 e-beam 
writer operated at 30 kV having a beam current of 250na and an addressing grid 
spacing of 0.4 p,m. In the equation, Y represents the net optical density at 530 nm 
and X represents values of electron dosage in milli-coulomb/cm 2 . 

Fig. 7(g) records data points of the net optical density at 630 nm vs. electron 
dosage, depicts the best fit curve and displays the equation describing the best fit 
curve; the electron beam exposure was done with Cambridge EBMF 10.5 e-beam 
writer operated at 30 kV having a beam current of 250na and an addressing grid 
spacing of 0.4 \xm. In the equation, Y represents the net optical density at 630 nm 
and X represents values of electron dosage in milli-coulomb/cm 2 . 

Fig. 8 records net optical density at 436 nm versus electron dosage at 20 kV. 
Curve A - MEBES m, 4000na, 0.5 \xm address size, 40 MHz. Curve B - 
Cambridge EBMF 10.5, 25na, 0.1 \xm address size. EVC - e-beam flood exposure. 

Fig. 9 depicts the transmittance spectra of exemplary HEBS-glass No. 3. A - 
a base glass plate 0.090" thick; B - a HEBS-glass plate 0.086" thick having one ion- 



exchanged surface glass layer; C - a HEBS-glass plate 0.090" thick having two ion- 
exchanged surface glass layer. 

Fig. 10 exhibits an optical micrograph of a gray scale mask which is a grating 
in HEBS-glass No. 3. The grating has 250 gray levels within a period of 200 |Lim. 

Fig. 11 exhibits an optical micrograph of a portion of a gray scale mask 
which is a diffractive optical lens having ten gray levels in each zone. 

Fig. 12 illustrates that the processing steps necessary to generate Diffractive 
Optical Elements consisting of (a) a HEBS-glass photo mask blank being exposed in 
e-beam writer (b) gray level mask generated in HEBS-glass (c) photoresist exposure 
in optical lithography tool (d) resist surface profile after development (e) surface 
profile in substrate material after CAIBE transfer step. 

Fig. 13 illustrates that the processing steps to fabricate refractive lens arrays 
consisting of (a) a HEBS-glass photo mask blank being exposed in e-beam writer (b) 
gray level mask generated in HEBS-glass (c) photoresist exposure in mask aligner 
(d) resist surface profile after development (e) lens profile after etching transfer step. 

Fig. 14 depicts the thickness of Shipley SI 650 Photoresist versus optical 
density at 436 nm of HEBS-glass mask; photoresist was exposed in an optical 
contact aligner. 

Fig. 15 records the calibration curve "net optical density at 435 nm versus clock 
rate" of e-beam exposure at 30kv using Cambridge EBMF 10.5 e-beam writer with 
250 na beam current and 0.4 \xm addressing grid size. 

Fig. 16 records the calibration curve "net optical density at 435 nm versus 
clock rate" of e-beam exposure at 30kv using Cambridge EBMF 10.5 e-beam writer 
with 75 na beam current and 0.2 {im addressing grid size. 

Fig. 17 records the calibration curve "1 /(clock rate) versus net optical density 
at 435 nm" of e-beam exposure at 30kv using Cambridge EBMF 10.5 e-beam writer 
with 250 na beam current and 0.4 (im addressing grid size. 

Fig. 18 records the calibration curve "1 /(clock rate) versus net optical density 
at 435 nm" of e-beam exposure at 30kv using Cambridge EBMF 10.5 e-beam writer 
with 75 na beam current and 0.2 |j,m addressing grid size. 

Fig. 19 depicts absorption spectra of LDW-HR plates -Type I, -Type II and - 
Type m. 



Fig. 20 depicts absorption spectra of LDW-IR plates -Type I, -Type II and - 
Type m. 

DESCRIPTION OF THE INVENTION 
High energy beam sensitive glasses used to generate the gray level mask, 
consist of a low expansion zinc-silicate glass, a white crown glass. The base glass 
can be produced from glass melting just like the conventional white crown optical 
glasses. The base glass contains alkali to facilitate the following ion-exchange 
reactions which achieve the sensitivity of the HEBS-glass towards high energy 
beams, e-beam in particular. After ion-exchange HEBS-glass is essentially alkali 
free as a result of the ion-exchange process and the concurrent leaching process 
carried out in an acidic aqueous solution at temperatures above 320°C. The base 
glass composition consists of silica, metal oxides, halides and photo inhibitors. 
Typically Ti0 2 , Nb 2 0 5 or Y 2 0 3 are used as photo inhibitors. The photo inhibitors are 
used to dope the silver ion containing complex crystals, silver-alkali-halide. These 
(AgX) m (MX) n complex crystals are the beam sensitive material and the doping of 
the photo inhibitors increases the energy band gap of the otherwise photosensitive 
glass. 

The exemplary glass compositions that are optimized for making HEBS- 
glass gray level masks are listed in Exhibit A. Photosensitivity inhibitors and RS- 
suppression agents other than Ti0 2 , selected from the group consisting of Ta 2 O s , 
Zr0 2 , Nb 2 0 5 , La 2 0 3 , Y 2 0 3 and WO3 may optionally be added to the glass batch or 
replaces portions of Ti0 2 in the base glass compositions of Exhibit A. More than 
about 1% of CI is added in the forms of Alkali Chloride to the glass batch to ensure 
that the glass melt is saturated with chlorides. The Chlorides also function as a 
fining agent for the glass melt. 

The base glass compositions of the present invention consist in the glass 
batch essentially of, in mole percent on the oxide basis, 11.4 to 17.5 % of one or 
more alkali metal oxides, 2.4 to 10.2 % total of photo sensitivity inhibitors and RS 
suppression agents including 2.4 to 10.2 % Ti0 2 , 1.1 to 2.4 % A1 2 0 3 , 0 to 4.6 % 
B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6 % CI, and 58.2 to 78.8 % SiQ 2 . 



After the glass is melted, drawn, ground and polished the base glass plates 
are ion-exchanged in an acidic aqueous solution containing soluble ionic silver. The 
ion exchange process is carried out at temperatures in excess of 320°C for a duration 
sufficient to cause silver ions to diffuse into the glass plates 3 um, i.e., (x 2 - Xj) in 
the thickness dimension of Fig. 1. As a result silver ions are present in the form of 
silver-alkali-halide (AgX) m (MX)n complex crystals that are about 10 nm in each 
dimension within the cavity of the Si0 4 tetrahedron network. 

Ground and polished glass plates of the exemplary glass compositions of 
Exhibit A were ion exchanged in aqueous solution containing ionic silver. The 
aqueous ion exchange solution consists, on the weight percent basis, 7.5% or more 
of AgN0 3 and 0.5% or more of HN0 3 . HEBS,glass No. 1 to No. 20 are the glass 
plates of the exemplary base glass compositions No. 1 to No.20 respectively having 
been ion exchanged in the aqueous ion exchange solution. 

Doping of the base glass with the photo inhibitors causes an increased energy 
band gap, making the ion exchanged glasses inert to UV and actinic radiation of 
shorter wavelengths as the concentration of the doping with photo inhibitors 
increases. Nevertheless the chemical reduction of silver ions in the silver-alkali- 
halide containing complex crystals to produce coloring specks of silver atoms can be 
accomplished by exposing the HEBS-glass to high energy beams, eg., >10 kV 
electron beams. This property of the material can be utilized to generate the 
necessary change in transmission for a gray level mask. 

Fig. 2 to 5 exhibit the resulting optical density of the HEBS-glass No. 3 of 
the exemplary base glass composition No. 3 after exposure with a flood electron 
beam exposure system using a 29 kV, a 25 kV, a 20 kV and a 15 kV electron beam 
respectively at a number of dosage levels. The flood e-beam exposure system 
manufactured and marketed by EVC Corporation, San Diego, CA., has a beam 
diameter of 8 inches and was operated at a beam current of 2 milli amp. The 
absorption data was collected using a Hitachi U2000 spectrophotometer. 

Optical density values of HEBS-glass No. 3 at 436 nm as a function of e- 
beam dosage is plotted in Fig. 6 for e-beam acceleration voltages of 29 kV, 20 kV 
andl5kV. In this plot the finite optical density value at zero electron dosage is due 
to reflection loss of probing light beam at two surfaces of glass plate samples. To 
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obtain an optical density value of LO at 436 nm in HEBS-glass the required electron 

2 2 2 

dosage is 75 pC/cm ,155 jxC/cm and 270 jnC/cm using EVC e-beam exposure 
system at 29 kV, 20 kV and 15 kV respectively. 

The e-beam exposure-induced optical density i.e. net optical density in HEBS- 
glass is a function of e-beam exposure scheme and write parameters which include 
e-beam energy (i.e. e-beam acceleration voltage), beam spot size, beam current and 
addressing grid. The net optical density is defined herein as the optical density of 
the e-beam darkened area minus the optical density of the clear (unexposed) area. 

The net optical density in the visible spectral range was measured as a function 
of electron dosage using HEBS-glass No.3 having been exposed in a number of 
3mm x 3mm square areas with the following e-beam pattern generators: 

(1) MEBES of ETEC Systems, Inc., (2) Cambridge EBMF 10.5 e-beam writer. 
Results of exemplary exposure schemes are discussed immediately below. 

Fig. 7(a) exhibits net optical density values of HEBS-glass No. 3 at 435nm vs. 
electron dosage at 30kv. The e-beam exposure was done using the vector scan e- 
beam writer, Cambridge EBMF 10.5. The e-beam parameters are as follows: 

Curve A- 30kv, 250na beam current, 0.4pm addressing grid spacing. 

Curve B- 30kv, 75na beam current, 0.2 |im addressing grid spacing. 

The data points of the net optical density values at 435nm resulting from EVC 
flood gun exposure at 30 kV are shown in the figure for comparison. 

Fig. 7(b) displays the corresponding net optical density values at 530nm as a 
function of electron dosage at 30kv. 

Fig. 7(c) exhibits the corresponding net optical density values at 630nm as a 
function of electron dosage at 30kv. 

The data points of curve A in Figures 7 are listed in Table 1. Also listed in 
Table 1 is the net optical density values at 365 nm. The electron dosage in [i 
Coulomb/cm 2 and in milli Coulomb/cm 2 , the clock rates and the corresponding e- 
beam exposure durations per address to result in the tabulated electron dosages are 
also listed in the table. 

The best fit polynomial equations that depict the experimental data of net 
optical density vs. electron dosage in milli coulomb / cm 2 of Table 1 are shown in 
Fig. 7 (d), Fig 7 (e), Fig. 7 (f) and Fig. 7 (g) respectively for the net optical density 
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values at 365 nm, 435 nm, 530 nm and 630 nm respectively. In the equations, y 
represents net optical density values and x represents values of electron dosage in 
milli coulomb/cm 2 . The experimental data points and the best fitted curves are also 
shown in Figures 7 (d), 7 (e), 7 (f), and 7 (g). 

As shown in Figure 7 (d), a large portion of the best fit curve is a straight line. 
The linear portion ranges in net optical density values from 0 to 0.9. The slope of 
the linear portion representing the e-beam sensitivity of HEBS-glass No. 3 darkening 
at the spectral wavelength of 365 nm upon e-beam exposure with write parameters 
of 30 kV acceleration voltage, 250 nano-amp beam current, and 0.4 urn addressing 
grid size, is 6.2767 unit of optical density value per milli coulomb/cm 2 . Namely to 
obtain a net optical density value of 0.62767 at 365 nm, the required electron dosage 
is 100 micro-coulomb/cm 2 . 

As shown in Figure 7 (e), a large portion of the best fit curve is a straight line. 
The linear portion ranges in net optical density values from 0 to 1.65. The slope of 
the straight line portion representing the e-beam sensitivity of HEBS-glass No. 3 
darkening at the spectral wavelength of 435 nm upon e-beam exposure with write 
parameters of 30 kV acceleration voltage, 250 nano-amp beam current, and 0.4 urn 
addressing grid size, is 9.2113 unit of optical density value per milli coulomb/cm 2 . 
Namely to obtain a net optical density value of 0.92113 at 435 nm, the required 
electron dosage is 100 micro-coulomb/cm 2 . 

As shown in Figure 7 (f), a large portion of the best fit curve is a straight line. 
The linear portion ranges in net optical density values from 0 to 2.05. The slope of 
the linear portion representing the e-beam sensitivity of HEBS-glass No. 3 darkening 
at the spectral wavelength of 530 nm upon e-beam exposure with write parameters 
of 30 kV acceleration voltage, 250 nano-amp beam current, and 0.4 urn addressing 
grid size, is 12.507 unit of optical density value per milli coulomb/cm 2 . Namely to 
obtain a net optical density value of 1.2507 at 530 nm, the required electron dosage 
is 100 micro-coulomb/cm 2 . 

As shown in Figure 7 (g), a large portion of the best fit curve is a straight line. 
The linear portion ranges in net optical density values from 0 to 1.7. The slope of 
the linear portion representing the e-beam sensitivity of HEBS-glass No. 3 darkening 
at the spectral wavelength of 630 nm upon e-beam exposure with write parameters 

12 



of 30 kV acceleration voltage, 250 nano-amp beam current, and 0.4 \im addressing 
grid size, is 9.5929 unit of optical density value per milli coulomb/cm 2 . Namely to 
obtain a net optical density value of 0.95929 at 630 nm, the required electron dosage 
is 100 micro-coulomb/cm 2 . 

Electron beam pattern generators were employed to darken HEBS-glass No. 3 at 
a number of electron dosage levels using beam acceleration voltages, beam current, 
beam spot size and addressing grid size as variable parameters. Beam acceleration 
voltages ranging from 10 kV to 50 kV, beam spot size ranging from 0.1 \im to 1 |im, 
beam current ranging from 10 na to 8000 na, and addressing grid size ranging from 
0.05 \xm to 1 \im were studied to determine the practical and cost effective write 
schemes for HEBS-glass compositions. Experimental data of net optical density in 
the spectral range of 350 nm to 1 100 nm and polynomial equations together with the 
best fit curves resembling Figures 7 (d) to 7 (g) as well as the slope of the linear 
portion of the best fit curves were obtained for a number of combinations of e-beam 
writer parameters. It has been determined that the exemplary write schemes using 
EBMF 10.5 e-beam writer, which are practical and cost effective to make HEBS- 
glass gray level masks include (1) 30 kV, 0.4 jum address, 250 na; (2) 30 kV, 0.2 |im 
address, 150 na; (3) 30 kV, 0.2 |xm address, 125 na; (4) 30 kV, 0.2 \xm address, 100 
na; (5) 30 kV, 0.2 \im address, 75 na; (6) 20 kV, 0.2 \xm address, 175 na; (7) 20 kV, 
0.2 ^im address, 150 na; (8) 20 kV, 0.2 \xm address, 125 na; (9) 20 kV, 0.2 jam 
address, 100 na; and (10) 20 kV, 0.1 (am address, 25 na. Using each of the ten write 
schemes listed immediately above net optical density values of HEBS-glass NO 3 at 
wavelengths from 350 nm to 1100 nm were obtained as a function of the electron 
dosage. The best fit polynomial equations and the slope of the linear portion of each 
of the best fit curves of net optical density values at 365 nm, at 435 nm, at 530 nm 
and 630 nm vs. electron dosage are represented in Table 2. 

Fig. 8 exhibits net optical density values of HEBS-glass No. 3 at 436nm vs. 
electron dosage at 20kv. Curve A displays the data of e-beam exposure using the 
raster scan e-beam pattern generator, MEBES IQ. MEBES III was operated at 20kv, 
40 MHz rate, using a spot size of 1 |im, a beam current of 4000na and an addressing 
grid size of 0.5jxm. These write parameters result in an exposure dosage of 40jll 
C/cm 2 per scan count. Electron dosage having multiples of 40^iC /crsfi were 
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exposed on HEBS-glass using the number of scan counts as a variable parameter. 
The data points of Curve A corresponds to 1, 6, 8, 10, 12, and 14 scan counts. Curve 
B displays the data of e-beam exposure using Cambridge EBMF 10.5 e-beam writer 
operated at 20kv, 25na and 0.1 [am addressing grid spacing. Also shown in Fig. 8 for 
comparison is the net optical density values at 436nm resulting from EVC flood gun 
exposure at 20kv. 

The effect of retraces as well as the dependence of e-beam induced optical 
density on the variable write parameters of Table 2 are explained in the section 
"Heat effect of the Write e-beam" in light of a postulated mechanism of e-beam 
darkening. 

Fig. 9 exhibits the transmittance spectra of the base glass plate 0.090 inch thick 
of the exemplary glass composition No. 3. The cut off in transmittance i.e., the 
absorption edge of the base glass is due to electronic transitions of the constituting 
chemical elements of the base glass. As the concentration of the doping with photo 
inhibitors increases, the absorption edge of the base glass shifts to longer 
wavelengths; namely %T of the base glass reduces in the spectral range of uv, then 
near uv and then blue light as the doping concentration of photo inhibitors increases. 
The concentration of photo inhibitors in the exemplary base glass compositions of 
Exhibit A was optimized for use at mercury G-line so that the HEBS-glass is totally 
inert to actinic radiation having wavelengths X equal to or longer than 436 nm, and 
has a %T value of more than 88%. The %T values of the exemplary HEBS-glass No. 
3 is shown in Fig. 9 and Table 3. A value of 88% transmittance corresponds to 96% 
internal transmission, since reflection less from two glass surfaces is 8%. The values 
of %T and the internal transmission of the corresponding base glass 0.090 inch thick 
are more than 90% and more than 98% respectively for X > 436 nm. 

A HEBS-glass plate in general consists of two ion-exchanged surface glass 
layers, since both surfaces of a base glass plate were ion exchanged during an ion 
exchange process. To increase the transmittance of the HEBS-glass plate at X,< 
436nm one may grind off one ion-exchanged surface glass layer and polish the now 
anhydrous surface to photomask quality. The transmittance spectra of HEBS-glass 
No. 3, 0.086' 1 thick having only one ion-exchanged surface is also shown in Fig. 9. 
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The internal transmittance of one ion exchanged surface glass layer was 
measured by placing the HEBS-glass plate 0.086" thick with one ion exchanged 
surface in the sample beam of the U2000 spectrophotometer and placing a base glass 
5 plate 0.090 inch thick in the reference beam. The internal transmittance from 350 

nm to 500 nm of the ion exchanged glass layer of the exemplary HEBS-glass No. 3 
is listed in Table 3. 

Also listed in Table 3 are the corresponding transmittance values of the base 
glass plate 0.090 inch thick, the HEBS-glass plate 0.090 inch thick having two ion 

10 exchanged surface glass layers (i.e. 2 IEed surfaces) and the HEBS-glass plate 

0.086" thick having one ion exchanged surface glass layers (i.e. 1 IEed surface). 

Accelerated test on stability of HEBS-glass No. 3 under intense actinic exposure 
at 436 nm was carried out. HEBS-glass No. 3, 0.090 inch thick, having a 
transmittance value of 89.2% was exposed for a duration of 30 days to 586 milli 

15 watt/cm 2 light intensity at 436 nm from the output actinic radiation of a 200 watt 

mercury arc lamp, the actinic radiation being filtered with an interference filter and 
focused to a spot of 5mm diameter. The transmittance value remains constant at 
89.2% before and after the intense G-line exposure for 30 days. 

From accelerated tests using focused 365 nm radiation from the 200 watt 

20 mercury arc lamp, it has been determined that the residual sensitivity of the 

exemplary HEBS-glass No. 3 to I-line at 365 nm is not detectable for optical 
lithographic exposure of less than about one million I-line stepper exposures. 

The grayscale mask made of HEBS-glass No. 3 «;an in general be employed in I- 
line as well as G-line optical lithographic exposure systems. 

25 An exchange of H + and/or ^O 4 " ions for alkali metal ions takes place 

concurrently with the exchange of Ag + ions for alkali-metal ions when HEBS-glass 
is ion exchanged in an acidic aqueous solution containing silver ions. As a result, 
H + and/or H3O" 1 " ions entered into the silicate glass network and silanol groups SiOH 
formed in the glass network. The formation of the silanol groups in a silicate glass 

30 network is referred to as hydration of glass. HEBS-glass was hydrated, and a moving 

boundary type concentration profile formed. When water species are among the 
diffusion species in glass, the diffusion of water species (i.e.,H + and/or H3O 4 ") and 
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Ag + ions through a hydrated layer is accompanied by an instantaneous and 
irreversible immobilization of the diffusion species at the boundary surface. The 
moving boundary type diffusion profile is due to the fact that the diffusion 
coefficient of H + , H30 + and Ag~*~ in the hydrated layer is many order of magnitude 
larger than that in the anhydrous base glass. 

An essential feature of diffusion accompanied by an instantaneous and 
irreversible immobilization of the diffusion species is that a sharp boundary surface 
moves through the medium, separating a region in which all of the sites are occupied 
from one in which none are occupied. In front of the advancing boundary the 
concentration of freely diffusing species is zero whereas behind it immobilization is 
complete. 

Fig. 1 is a qualitative representation of the result of silver ion exchange of 
HEBS-glass in an acidic aqueous solution containing soluble ionic silver. There 
exists a leached surface glass layer, x\ in thickness, wherein essentially all of the 
alkali ions are leached out instead of being exchanged by Ag + ions. The leached 
surface glass layer is essentially fused silica in composition and contains little or no 
mobile ions such as sodium, potassium and lithium ions. The exemplary HEBS-glass 
No. 3 have a leached surface glass layer of less than about 0.5 fam, i.e., xj< 0.5 jam 
and has an e-beam sensitized glass layer of 3 |um, i.e., X2 - x\ = 3 |im. HEBS-glass 
photomask blanks having an e-beam sensitized glass layer (x2-xj) of 2 jam, 4 |um, 5 
|iim and other thickness' were fabricated by controlling the ion exchange duration 
and/or heat schedules. 

By controlling the operation parameters of the solution ion exchange 
reactions, the thickness of the e-beam sensitized glass layer can be controlled 
precisely. 

Heat Effect of the Write E-Beam 
The net optical density is a function of the e-beam exposure scheme and the e- 
beam write parameters. This is because the e-beam sensitivity of HEBS-glass is 
enhanced by the heating effect of the write beam. Listed in Exhibit B is the input- 
power density from e-beam exposure for the three exposure schemes of Fig 8, where 
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input-power density is equal to (beam current) x (beam acceleration voltage) / (beam 
spot size). 

The rate of temperature increase at the beam exposure spot i.e. the e-beam 
exposed volume of HEBS-glass, is proportional to the net power density which is 
defined herein as the rate of input-power density minus the rate of heat dissipation. 
The rate of heat dissipation is larger for a smaller exposed volume corresponding to 
a smaller beam spot size. This is because the ratio of surface area to mass is larger 
for a smaller volume. The rate of heat dissipation relative to the rate of input-power 
density, together with the corresponding beam spot size are also listed in Exhibit B. 

Comparing the write parameters that we employed using MEBES HI with those 
of Cambridge EBMF 10.5. It is apparent from Exhibit B that the net power density 
of the MEBES exposure scheme is a factor of 10 to 100 times that of the Cambridge 
exposure scheme (20 kV, 0.1 \im address, 0.25 ^im spot size, 25 na). The very big 
difference in heat accumulation between the above described exposure parameters of 
MEBES III and Cambridge EBMF 10.5 should contribute to the observed difference 
in the e-beam induced optical density. 

The following hypothesis explains the reason why the e-beam sensitivity of 
HEBS-glass is enhanced by the heat effect of the write beam. During e-beam 
exposure, silver specks of atomic dimensions were formed from silver halide-alkali 
halide complex crystals. The formation of a silver speck consisting of 2, 3, or more 
atoms requires the deformation of silver halide lattice to silver lattice. Cycles of 
lattice vibration of sufficient amplitude is necessary to cause the formation of the 
silver specks. Since larger amplitudes of lattice vibrational modes exist at higher 
temperatures, silver specks are formed more quickly at a higher temperature. Each 
retrace (i.e. each scan count) allows an extended time period for the formation of the 
silver specks. 

The e-beam sensitivity of HEBS-glass using the exposure scheme of the EVC 
flood exposure system is further elaborated below. Although the input-power 
density of EVC exposure scheme is very little compared to that of Cambridge EBMF 
10.5, the rate of heat dissipation during EVC exposure is very small relative to the 
input-power density, due to the enormous beam exposure spot size of 8 inches. 
Therefore, a large fraction of the input-power density is accumulated throughout the 
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Table 3. Transmittance Values (%T) of HEBS-glass No. 3 
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flood exposure duration. Moreover, HEBS-glass was under EVC flood gun 

12 

exposure for a long duration of e.g. 10 minutes which corresponds to 600 x 10 
periods of lattice vibration. There is thus plenty of time for the deformation of silver 
halide lattice into silver lattice. 
5 For the choice of write parameters using any e-beam writer to write a gray level 

mask it is helpful to consider the HEBS-glass properties which are summarized 
immediately below. 

HEBS-glass is more sensitive using a larger beam current density and a larger beam 
spot size, since the sensitivity is enhanced by the heating effect of the write beam. 

10 At a given current density, a larger spot size is beneficial since heat dissipation is 

slower. Using a high kV beam and a spot size of up to about 0.2 |xm, the resolution 
of the recorded image in HEBS-glass is primarily determined by the scattering of the 
electrons in glass. To a certain extent, one can increase both the spot size and the 
beam current to maximize the throughput without the adverse effect of reducing 

15 resolution. 

A much larger beam current density than that normally used in exposing 
photoresist can be employed and is recommended for e-beam write on HEBS-glass. 

Using a vector scan e-beam writer, a large range of available clock rates is the 
key factor to produce a large optical density range of gray levels. The maximum 

20 clock rate of an e-beam writer is employed to produce the minimum optical density 

level of the gray levels. The larger the maximum clock rate the higher the currant 
density that can be employed and therefore higher throughput. 

When a vector scan e-beam writer has a limited range of useful clock rates, one 
retrace (i.e. two scan counts) can be utilized to double the optical density values for 

25 all phase levels provided the linear region of the sensitivity curve is utilized. 

Number of retraces can be employed as a variable parameter using a raster scan 
e-beam writer. For example, 16 phase levels can be obtained using 1 to 16 scan 
counts, namely, using 1 scan count to expose the lowest optical density level and 
using 1 6 scan counts to write the highest optical density level. 

30 Although the e-beam sensitivity of HEBS-glass is a function of the exposure 

scheme and write parameters, e-beam induced optical density in the HEBS-glass is a 
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unique function of electron dosage for a given set of write parameters. Therefore, 
the net optical density versus electron dosage is very reproducible. 



Exhibit B Input-power density and rate of heat dissipation. 
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Coloring Speck of Silver 
Upon e-beam exposure coloring specks of silver are formed in the HEBS- 
glass. Since there are no chemical or physical development steps, the silver specks 
are of atomic dimensions and the image has no graininess. The recorded image has a 
10 continuous tone even when observed at the highest magnification under microscope 

e.g. 1500x. On the contrary, at this high magnification the image in a conventional 
high resolution photographic emulsion plate is intrinsically halftone, because 
isolated grains of photographic emulsion plates resembling dispersed halftone dots 
exist at gray levels of low optical density values. 

15 

Sub 0.25 Micrometer Resolution 
Since there is no graininess, HEBS-glass is capable of very high resolution. 
Sub 0.25 |im features were written in the exemplary HEBS-glasses of Exhibit A . 

Vertical resist profile exists at the boundary of sub micron resist features 
20 which were printed using HEBS-glass masks. 

HEBS-Glass Gray Scale Masks with Multi-Gray Levels 
Fig. 10 exhibits an optical micrograph of a gray scale mask which is a grating 
in HEBS-glass No.3 The grating has 250 gray levels within a period of 200 
25 micrometers. A Cambridge EBMF 10.5 e-beam writer operated at 20 kV, 0.2 \im 



24 



addressing grid size and 100 na beam current, was employed to fabricate the grating 
with 250 predetermined optical density values. The maximum and minimum optical 
density value are 1.6 and 0.149 respectively. The gray levels have an equal interval 
of transmittance, namely the values of the transmittance T corresponding to 250 gray 
levels are 

Ti = 0.709578 - (0.684459 / 249) i 
Where i = 0, 1,2,- --to 249 

The gradual and smooth increase in the transmittance within each grating 
period seen in Fig. 10 should result in analog resist profile having smooth 
continuous blaze surfaces. 

Fig. 1 1 exhibits an optical micrograph of a portion of a gray scale mask 
made of HEBS-glass No. 3. The primary mask pattern is a diffractive optical lens 
having ten gray levels in each zone. The width of 5 complete zones represented in 
the photo are 920 jim, 500 (im, 390 jim, 330 \xm and 290 \xm. Ten gray levels in the 
range of 0 to 1.0 unit of optical density values, were written in HEBS-glass No. 3 
using Cambridge EBMF 10.5 e-beam writer operated at 20kv acceleration voltage, 
0.2 |iim addressing grid size and 150 na beam current. It is seen in Fig. 11, as the 
zone width reduces from 920 \im the discreet gray levels become less apparent. 

A second pattern which consists of parallel lines with a 42 jam pitch was 
written within the lens pattern to demonstrate that a predetermined optical density 
value can be added to the existing mask pattern in HEBS-glass. Since the parallel 
lines was written with a constant e-beam dosage, the optical density along each lines 
increases as it enters into a darker gray level of the lens pattern. 

One of the products of the present invention is a transparent HEBS-glass 
which in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to an electron beam with an electron beam pattern 
generator operated at a value of acceleration voltage selected from 20 to 
30 kV, a value of addressing grid size selected from 0.1 to 0.4 



25 



micrometer, and a value of beam current selected from 25 to 250 na, the 
electron beam darkening sensitivity in the linear portion of the sensitivity 
curve, is at least 2.454 unit of optical density value in the spectral range 
of 365 nm to 630 nm per milli coulomb/cm 2 . 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , LI to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another of the product of the present invention is a transparent HEBS-glass 
which in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to an electron beam using an electron beam pattern 
generator operated with a write scheme having a value of acceleration 
voltage selected from 20 to 30 kV, a value of addressing grid size 
selected from 0.1 to 0.4 micrometer, and a value of beam current selected 
from 25 to 250 na, the electron beam darkening sensitivity in the linear 
portion of the sensitivity curve, is at least 2.454 unit of optical density 
value in the spectral range of 365 nm to 630 nm per milli coulomb/cm 2 . 
The write scheme is selected from the write schemes of Table 2, said 
electron beam darkening sensitivity of the HEBS-glass is substantially 
represented by the sensitivity curve corresponding to that of the chosen 
write scheme of Table 2. 

Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 1L4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 



26 



(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.4 micrometer and a beam current of 250 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 
Y-19708x 6 - 17787x 5 + 618L2x 4 - 1063.8x 3 + 85.688x 2 + 3.3806x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.4 micrometer and a beam current of 250 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y= -15440x 6 + 12082x 5 - 3761.5x 4 + 555.15x 3 - 40.414x 2 + 10.637x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3? 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.4 micrometer and a beam current of 250 na 
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will darken to a net optical density value Y at 530 nm substantially in 
accordance with the equation stated immediately below; 
Y-46062x 6 - 38146x 5 + 12229x 4 - 2013.9x 3 + 173.69x 2 + 5.8097x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.4 micrometer and a beam current of 250 na 
will darken to a net optical density value Y at 630 nm substantially in 
accordance with the equation stated immediately below; 

Y=51961x 6 - 43905x 5 + 14402x 4 - 2361.2x 3 + 197.27x 2 + 2.2436x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3) 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.1 micrometer and a beam current of 25 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 

Y= -257.78x 6 + 493 .22x 5 - 357.35x 4 + 125.26x 3 - 24.07x 2 + 4.2726x 
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Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11 A to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 > 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.1 micrometer and a beam current of 25 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y= -421.26x 6 + 736.88x 5 - 503.36x 4 + 168.42x 3 - 30.486x 2 + 5.785x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , LI to 2.4% A1 2 0 3 , 0 to 4.6% B 2 O s , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.1 micrometer and a beam current of 25 na 
will darken to a net optical density value Y at 530 nm substantially in 
accordance with the equation stated immediately below; 

Y= 55.321x 6 - 40.121x 5 - 7.75x 4 + 13.643x 3 - 8.1316x 2 + 5.4291x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
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10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3) 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.1 micrometer and a beam current of 25 na 
will darken to a net optical density value Y at 630 nm substantially in 
accordance with the equation stated immediately below; 

Y- -199.22x 6 + 369.63x 5 - 264.28x 4 +54.1 19x 3 - 20.554x 2 + 4.7848x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 75 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 

Y=4788.8x 6 -4881.1x 5 + 1822.8x 4 - 308.43x 3 + 19.25 lx 2 + 4.098x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2%o total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 
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(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 75 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y= 3780.7x 6 - 4395.5x 5 + 1959 Jx 4 - 42L14x 3 + 40.268x 2 + 4.882x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 100 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 

Y= -355.78x 6 + 466.62x 5 - 243.17x 4 + 62.851x 3 - 12.485x 2 + 5.5571x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3? 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO ? 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 100 na 



will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 
Y= -692.18x 6 + 804.39x 5 - 358.96x 4 + 75.143x 3 - 10.535x 2 + 6.9982x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , LI to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 125 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 

Y= -664.62x 6 + 932.44x 5 - 464.2x 4 + 95.04x 3 - 13.3 14x 2 + 6.4665x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 125 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y= -900.79x 6 + 1480.9x 5 - 905.98x 4 + 243 .25x 3 - 32.801x 2 + 9.8528x 
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Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 > 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value, X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 150 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 

Y= -104.68x 6 + 149.86x 5 - 51.158x 4 - 8.925x 3 - 0.3208x 2 + 5.866x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% AI2O3, 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 30 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 150 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y- -34L18x 6 + 643.91x 5 - 430.4x 4 + 115.13x 3 - 16.314x 2 + 9.1502x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
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10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 100 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 

Y= 1 165x 6 - 1729.1X 5 + 969.72x 4 - 255.38x 3 + 28.215x 2 + 1.9949x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 100 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y= 321.26x 6 - 495.79x 5 + 299.53x 4 - 93.047x 3 + 11.878x 2 + 3.99x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit thw following properties: 
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(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 125 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; r 

Y= -454.78x 6 + 748.41x 5 - 467.28x 4 +137.8x 3 - 22.463x 2 + 4.8643x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , LI to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 125 na 
will darken to a net optical density vahw Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y= -399.43x 6 + 659.66x 5 - 409.6x 4 +113.52x 3 - 15.916x 2 + 5.6722x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 150 na 



will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 
Y= -74.993x 6 + 1 18.24x 5 - 57.174x 4 +5.2492x 3 - 0.6172x 2 + 3.3699x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17,5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2,4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 

an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 150 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 
Y= -278.14x 6 + 503.66x 5 - 329.14x 4 +89.552x 3 - 11.422x 2 + 5.4742x 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 > 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 175 na 
will darken to a net optical density value Y at 365 nm substantially in 
accordance with the equation stated immediately below; 

Y= 7.7262x 6 - 37.019x 5 + 56.546x 4 - 35.995x 3 + 6.9532x 2 + 2.7738x 
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Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , LI to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

Another product of the present invention is a transparent HEBS-glass which 
in bodies of 0.090 inch cross section will exhibit the xbllowing properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 175 na 
will darken to a net optical density value Y at 530 nm substantially in 
accordance with the equation stated immediately below; 

Y- 82.35x 6 - 237.03x 5 4- 259.77x 4 -130.1 lx 3 + 23.17 lx 2 + 4.6292x 

Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 . 

The products of the present invention described above have utility in making 
a gray scale mask with multi-gray levels, each of said gray levels having a 
predetermined optical density value which is obtained through exposure to a 
predetermined electron dosage, said gray scale mask can be utilized in making three 
dimensional microstructures with general three dimensional surfaces in photoresist 
through a single optical exposure in a photolithographic process. 

The profile of a three dimensional surface is transferred into a substrate 
material using an etching process. 

For example, one of the products of the present invention is a transparent 
HEBS-glass which in bodies of 0.090 inch cross section will exhibit the following 
properties: 

(a) the transmittance is more than 88% at 436 nm 
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(b) upon exposure to an electron beam with an electron beam pattern 
generator operated at a value of acceleration voltage selected from 20 to 
30 kV, a value of addressing grid size selected from 0.1 to 0.4 
micrometer, and a value of beam current selected from 25 to 250 na, the 
electron beam darkening sensitivity in the linear portion of the sensitivity 
curve, is at least 2.454 unit of optical density value in the spectral range 
of 365 nm to 630 nm per milli coulomb/cm 2 . 
Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali: metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% TiQ 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si(>2 has utility in making a gray scale mask with multi-gray 
levels, each of said gray levels having a predetermined optical density value which is 
obtained through exposure to a predetermined electron dosage, said gray scale mask 
can be utilized in making three dimensional microstructures with general three 
dimensional surfaces in photoresist through a single optical exposure in a 
photolithographic process. 

Cost Efficient Mass Fabrication of Diffractive Optical Elements (DOEs) 
HEBS-glass is a mask material sensitive towards e-beam exposure, and 
exposure with a certain electron beam dosage changes the optical density of the 
material. After e-beam exposure the mask needs no further development or fixation 
process. The mask with multi levels of optical densities can then be used to expose 
a photo resist in a contact aligner or in a reduction stepper. This allows to associate 
a certain resist thickness after development with each optical density. The 
information was used to determine the e-beam dosages for each of the (e.g. 32) 
phase levels necessary to generate a Diffractive Optical Elements (DOE herein 
after). The so generated HEBS-glass gray level mask can be used to expose 
numerous DOEs using an optical lithography tool. After many copies of the mask 
on the photo resist are developed, many substrates with the developed photo resist 
are placed in a Chemically Assisted Ion Beam Etching (CAIBE) system, to 
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simultaneously transfer the microstructures from the analog resists onto the surfaces 
of the substrates. An overview of these processing steps is shown in Fig. 12. 

The fabrication of DOE arrays using a HEBS-glass gray scale mask with 
multi gray levels and the process steps of Fig. 12 was described in "cost-effective 
5 mass fabrication of multi-level diffractive optical elements by use of a single optical 

exposure with a gray scale mask on high-energy beam sensitive glass" Applied 
Optics, July 10, 1997/Vol. 36, No. 20 by Walter Daschner , Pin Long, Robert Stein, 
Che-Kuang (Chuck) Wu and S. H. Lee. 

The described fabrication method shows the cost effective mass fabrication 
10 of DOEs. There are a number of advantages: 

The mass fabrication is simplified and more cost-effective. Instead of a set 
of masks (i.e. 5 masks for 32 phase levels) with all the associated resist processing, 
only a single mask needs to be exposed in the e-beam writer and no resist processing 
is associated with the mask generation. Phase levels of DOE are immediately visible 
15 as gray levels in HEBS-glass upon e-beam exposure. 

All phase levels are written in a single step on a single mask. The inevitable 
mis-registrations and associated efficiency losses between subsequent exposures are 
avoided. 

Third, the number of processing steps for the DOE fabrication compared to 
20 binary mask fabrication of e.g. 32 phase levels is reduced by a factor of 5. This will 

reduce the cost for high quality monolithic DOEs substantially. 

Fourth, even with a binary fabrication method for master fabrication and a 
following replication step based on injection molding this replication method only 
becomes economic with a number of DOEs to be fabricated in the 10's of thousands. 
25 Since the proposed fabrication method greatly reduces the involved fabrication steps 

resulting in a cost reduction, the number at which molding based methods become 
economically feasible will grow considerably. This will allow to avoid the problems 
associated with the molding approach. The material which is best suited for the 
application, can be chosen without being limited by the constraints of the molding 
30 material (i.e. limited temperature range of operation or limited wavelength range). 

Also all the involved materials and tools are compatible with VLSI fabrication so 
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that no new fabrication or software tools need to be established unlike in the case of 
replication by injection molding or casting. 

There is a considerable gain in turn around time since the number of 
production steps has been reduced and the mask fabrication steps have been 
simplified. 

Cost Efficient Mass Fabrication of Asymmetric Irregularly Shaped 

Micro-Lens Arrays 

A cost-effective way of fabricating large arrays of refractive micro lenses 
becomes more and more important. Gray level mask fabrication offers the 
possibility to shape arbitrary resist profiles and therefore produce arrays of general 
aspheric non rotationally symmetric refractive lenses with different functionality, 
complete aberration correction and a 100% fill-factor. The fabrication method based 
on HEBS-glass gray level mask allows for complete freedom in terms of the shapes 
e.g. asymmetric, irregularly shaped lenses, and location of the lenses e.g. with 
accurate center to center spacing. 

As the resist for the lithography step a comparatively thick photoresist can be 
employed in order to achieve a resist thickness in the range of up to 30 microns. 
This feature depth in resist will allow for a total lens sag after the etching transfer of 
up to about 120microns, since a magnification of the feature depth of about a factor 
of 3 to 5 can be achieved during the transferring step of resist profiles into their 
respective substrates via Chemically Assisted Ion Beam Etching (CAIBE). The 
described fabrication steps are shown in Fig. 13. 

For the analog transfer scheme of Fig. 13, i.e. from an optical density profile 
in the gray-level mask into a surface height profile in the photoresist, it is necessary 
that the number of gray levels be increased as the aperture of the refractive lens 
increases; for example, HEBS-glass masks having a minimum of 32, 64, and 96 
gray levels are desirable to fabricate refractive micro lenses having apertures of 50 
|nm, 100 |wm, and 200 jxm, respectively. 

The fabrication of refractive microlens arrays using a HEBS-glass gray level 
mask and the processing steps of Fig. 13 was described in "General aspheric 
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refractive micro-optics fabricated by optical lithography using a high energy beam 
sensitive glass gray-level mask" J. Vac. Sci. TechnoL B 14 (6), Nov/Dec 1996 by 
Walter Daschner, Pin Long, Robert Stein, Che-kuang (Chuck) Wu and S. H. Lee. 

The Analog Transfer Scheme Using HEBS-glass Gray Scale Masks 
It has been determined that the procedures of processing photoresist to 
produce analog resist profile can be derived from those normally used for binary 
photo lithography with the following modifications and provisions: 

1. positive and non chemically amplified Novalac based photoresist is 
preferred 

2. prebake photoresist at a low temperature and for a shortened time 
duration from that is normally used for binary lithography 

3. use a weak developer, or dilute the usual developers for example, by a 
factor of 4. 

Exemplary Calibration Curves 

(a) Surface height versus optical density, i.e. the calibration curve of the 
analog transfer scheme 

Fig. 14 shows the remaining thickness after development of Shipley SI 650 
photoresist as a function of the optical density at 436nm of the gray levels in a 
HEBS-glass mask. The initial (i.e. as coated) thickness of the Shipley SI 650 
photoresist was 4.0 jum. The range of resist thickness in the depth versus 
optical density calibration curve can be altered through the choice of a photoresist 
and/or resist parameters, the initial thickness of the photoresist in particular. In the 
plots of resist thickness versus optical density, the slope of the calibration curve 
reduces as the developed resists thickness approaches the initial (as coated) resists 
thickness. Therefore, to produce an analog resist profile of a given feature depth, it 
is necessary to start with an as coated resist thickness which is more than that of its 
required feature depth. 

To transfer multilevel resist structure of DOE into quartz through a dry 
etching process, the relative etch rate between photoresist and quartz substrate can 
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be so chosen to achieve the final needed etch depth 3 to 6 times that in the resist. 
Therefore, for the fabrication of DOE in quartz, a surface height variation of e.g. 500 
nm in the resist results in a depth modulation in quartz of up to 3000nm. 

(b) Electron beam darkening sensitivity curve (Optical density versus 
electron dosage). 

Table 2 list, Fig. 7 and Fig. 8 depict the exemplary e-beam darkening 
sensitivity curves of EEBS-glass No.3. For DOE fabrication the required optical 
density values of a HEBS-glass gray level mask are typically in the range of 0.1 to 
1.2. 

For the fabrication of refractive micro lens arrays, the optical density levels 
in a HEBS-glass gray level mask is in general in the range of 0 to more than 1.2. 
The maximum optical density value is larger to produce a larger lens-sag. 

(c) Optical density versus clock rate, i.e. the calibration curve of e-beam 
exposure. 

The electron dosage D in micro coulomb/cm^ is calculated as follows: 
D ( [ic/cm 2 )= I • t • N = UWf 

Where I is bean current in amp., t is exposure duration i.e. dwell time per 
pixel in |usec, and N is number of pixels in 1 cm^. The exposure duration per pixel 
is equal to 1/f, where f is the clock rate i.e. the write frequency. Since the clock rate 
can be varied on the fly using a vector scan e-beam writer, the calibration curve of e- 
beam exposure "optical density versus clock rate" is a practical one for a vector scan 
e-beam writer. The calibration curve was determined experimentally for each 
combination of write parameters which include beam acceleration voltage, beam 
current and addressing grid size. 

The net optical density values at 435nm and the corresponding clock rates are 
plotted in Fig. 15 and Fig. 16 for two write scheme using the data of Table 1 and 
Table 2. Fig. 15 exhibits the calibration curve "net optical density versus clock rate" 
for the e-beam write scheme of 30kv, 250na beam current and 0A\xm addressing grid 
size. Fig. 16 displays the calibration curve "net optical density versus clock rate" for 
the e-beam write scheme of 30kv, 75na beam current and 0.2jam addressing grid 
size. 
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Fabrication of HEBS-glass Gray Level Masks 

A HEBS-glass photomask with multi-gray levels is ideally suited for 
fabrication of diffractive optical elements (DOE), refractive micro optics, micro- 
electro-mechanical (MEM) devices, micro-opto-electro-mechanical (MOEM) 
devices and integrated optical components, and for beam shaping optics. 

A mask for multi phase levels of DOE is made by exposing in an e-beam 
writer with predetermined dosages according to a calibration curve of the analog 
transfer scheme such as that shown in Fig. 14 together with the e-beam darkening 
sensitivity curve, examples of which are listed in Table 2. 

To make a HEBS-glass gray level mask using a vector scan e-beam writer, 
optical density levels which will achieve evenly spaced multi depth levels over the 
thickness range of photoresist needed for a subsequent dry etching, are determined 
from a calibration curve of the analog transfer scheme e.g. Fig. 14. Each optical 
density level in the mask is then written with a clock rate corresponding to the 
predetermined optical density value. The clock rate is determined from the 
calibration curve of e-beam exposure such as that shown in Fig. 15 and Fig* 16. The 
calculation of the clock rate is further elaborated below. 

The clock rates f were calculated from polynomial equations such as eq. A 
and eq. B for a large number of the predetermined optical density levels of gray level 
mask designs. Eq. A and eq. B are the best polynomial fit equations of the 
experimental data. 

1/f = 0.0692 D 6 - 0.4299 D 5 + 1.0403 D 4 - 1.2009 D 3 + 0.666 D 2 + 0.5339D 

eq. A 

1/f = 0.012 D 6 - 0.0862 D 5 + 0.304 D 4 - 0.5256 D 3 + 0.5491 D 2 + 0.5622D 

eq. B 

Plotted the experimental data of Table 1, Fig. 17 exhibits the calibration 
curve "1 /(clock rate) versus net optical density at 435nm" for the e-beam write 
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scheme of 30kv, 250na beam current and 0.4|im addressing grid size. Eq. A is the 
best polynomial fit equation of the data points of Fig. 17. 

Fig. 18 displays the calibration curve "l/(clock rate) versus net optical 
density at 435nm" for the e-beam write scheme of 30kv, 75na beam current and 0.2|u 
m addressing grid size. Eq. B is the best fit polynomial equation of the data points 
of Fig. 18. 

HEBS-glass masks having gray levels ranging from just a few to many 
hundreds were fabricated via e-beam direct write in HEBS-glass. For example, a 
very high quality, sinusoidal absorption grating 2cm x 2cm in size having 625 gray 
levels within each period of 250pm ± 0.2|xm was fabricated using Cambridge 
EBMF 10.5 e-beam writer. The grating is a series cf linear strips, 2cm long whose 
absorbance varies sinusoidally along the direction perpendicular to the strips. The 
linear strip which is the lines of constant optical density, has a requirement of better 
than ± 0.1 jam in linearity. Within each period, the minimum transmission at the 
wavelength of 435nm is 1% of the maximum transmission. 625 clock rates were 
determined from the eq. A for the grating fabricated using the write scheme of Table 
1 . A different set of 625 clock rates were determined from eq. B for a second grating 
fabricated using a second set of write parameters. The minimum and the maximum 
optical density values of the 625 gray levels are 0.172 and 2.172 using the write 
scheme of Fig. 17, and are 0.178 and 2.178 using the write parameters of Fig. 18. 

Using a gray level mask in an optical exposure system, the throughput of 
resist exposure in DOE fabrication increases with a lower value of the minimum 
optical density level in the gray level mask. It is therefore desirable to have the 
optical density value of the lowest gray level being about or below 0.1 . 

A vector scan e-beam writer having the capability of higher clock rates can 
be employed to increase the throughput of mask making and also to reduce the 
minimum optical density value towafd zero. The capability of focusing a larger 
beam current to a given e-beam spot size is an important feature to take full 
advantage of a larger clock rate. 

It has been determined that the sensitivity of HEBS-glass is enhanced by the 
heat effect of a larger beam current. The throughput of writing a HEBS-glass gray 
level mask increases by a factor of 7.5 instead of 4 when the addressing grid size is 
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increased from 0.2jim to 0.4jxrn, and at the same time the beam current is increased 
from 75na to 300na. 

A grounding layer in the form of a lOnm (or thicker) chrome layer should be 
applied to the HEBS-glass photomask blank. The only purpose of this thermally 
evaporated layer is to avoid local charging of the mask plate during the e-beam 
writing process. The mask is then exposed in the e-beam writer. 

After the e-beam exposure the only necessary processing step is the wet 
etching of the Cr grounding layer to make the mask ready for exposure in an optical 
lithography exposure tool. Besides the removal of the grounding layer no processing 
of the mask is necessary. 

Microscope Observation 
Phase levels of DOE are immediately visible as gray levels in HEBS-glass 
upon e-beam exposure. The pattern data or image should be observed in a 
transmission mode. Since the pattern data or image in HEBS-glass do not scatter or 
reflect light, they are essentially not visible in a reflection mode. 

DOE Made of An E-Beam Direct- Write HEBS-Glass Plate Or Made of 
A Laser Beam Direct- Write LDW-Glass Plate 
The multi-gray levels in HEBS-glass were transformed into multi-phase 
levels, i.e., depth variation of surface relief in HEBS-glass upon a wet chemical 
etching or a dry etching process. An exemplary etching process consists of dipping 
an e-beam patterned HEBS-glass plate in 1.25% HF solution for 40 minutes. Before 
the etching process the image in HEBS-glass causes an absorption or amplitude 
modulation of an incoming light beam, whereas after the etching process the image 
in HEBS-glass effects a phase modulation of the incoming light beam. 

Under microscope observation, the e-beam written pattern is essentially not 
visible in a reflection mode. After the selective etching process the pattern becomes 
visible in the reflection mode. 
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HEBS-glasses having been uniformly darkened with a high energy beam, 
electron beam in particular, is a laser beam direct write glass, LDW glass herein 
after. 

The laser beam direct write LDW-glass has a much superior selective etch 
ratio than the e-beam direct write HEBS-glass. Due to a very large etch ratio of the 
laser exposed area vs. unexposed area within a LDW-glass mask, DOE as well as 
refractive micro lens arrays and general three dimensional surfaces can be fabricated 
in LDW-glass with the laser direct write approach to result in a LDW-glass mask 
and followed by an etching step. 

LDW-Glass Mask Fabrication 
One of the products of the present invention is an LDW-glass which is a 
HEBS-glass having been uniformly darkened to a predetermined optical density 
value. Said predetermined optical density value is at least the maximum optical 
density value of a pre-designed gray scale mask with multi-gray levels, said LDW- 
glass prior to being darkened with an electron beam or a flood electron gun is a 
transparent HEBS-glass which in bodies of 0.090 inch cross section will exhibit the 
following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to an electron beam with a flood electron gun or with an 
electron beam pattern generator operated at a value of acceleration 
voltage selected from 20 to 30 kV, the electron beam darkening 
sensitivity in the linear portion of the sensitivity curve, is at least 2.454 
unit of optical density value in the spectral range of 365 nm to 630 nm 
per milli coulomb/cm 2 . 

Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3 7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si02, said gray scale mask is made by exposure to a focused laser 
beam, said multi-gray levels are made using laser write speed and/or laser beam 
intensity and/or number of retraces as variable write parameters. 
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Another products of the present invention is an LDW-glass which is a 
HEBS-glass having been uniformly darkened to a predetermined optical density 
value, said predetermined optical density value is at least the maximum optical 
density value of a pre-designed gray scale mask with multi-gray levels, said LDW- 
glass prior to being darkened with an electron beam or a flood electron gun is a 
transparent HEBS-glass which in bodies of 0.090 inch cross section will exhibit the 
following properties : 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to an electron beam with a flood electron gun or with an 
electron beam pattern generator operated at a value of acceleration 
voltage selected from 10 to 100 kV, the HEBS-glass is darkened to a 
predetermined optical density value which is at least the maximum 
optical density value of a pre-designed gray scale mask with multi-gray 
levels. 

Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% Si0 2 , said gray scale mask is made by exposure to a focused laser 
beam, said multi-gray levels are made using laser write speed and/or laser beam 
intensity and/or number of retraces as a variable write parameters. 

The LDW-glass gray scale mask can be utilized in making three dimensional 
microstructures with general three dimensional surfaces in photoresist through a 
single optical exposure in a photolithographic process. 

The profile of a three dimensional surface in photoresist is transferred into a 
substrate material using an etching process. 

Laser Direct Write glass (LDW-glass) also offers the advantages of a one 
step fabrication of a true gray level mask. The exposure of this gray level mask is 
done in a laser writing tool. This also allows the use of the existing software 
previously written to support mask making and direct write on resist approaches for 
the fabrication of diffractive optical elements (DOEs). The so generated gray level 
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mask can be used in an optical lithographic exposure tool (e.g., a G-line or a I-line 
wafer stepper, or a contact aligner) to mass fabricate resist profiles. 

Using the LDW gray level mask fabrication and a following optical 
lithographic exposure, alignment errors are avoided, since the mask is written in a 
single step using different energy densities of a laser beam to generate multi-gray 
levels. This new approach also allows a very economical mask fabrication. Instead 
of fabricating a set of 5 binary chrome masks with all the involved resist processing 
and wet etching, a single writing step without the need for any processing is needed. 
This single mask then contains all the necessary information previously contained in a 
set of 5 binary masks. Misalignment due to sequential printing of 5 binary masks in a 
set is completely avoided. After the LDW gray level mask is fabricated a series of 
single exposure in a step-and-repeat system can generate hundreds of DOEs on the 
same wafer. This wafer can then be processed with a single CAIBE step to transfer 
the DOE structure of a large number of different elements simultaneously into the 
substrate. Since the complete DOE structure is transferred into the substrate there is 
no need for a resist stripping step after the etching process. After dicing the wafer 
hundreds of monolithic multilevel DOEs can be generated by a process which cut the 
involved processing steps by more than a factor of 5. 

The optical density spectra of exemplary LDW-glasses are shown in Fig. 19 
and Fig. 20. Fig. 19 exhibits the optical density spectra of LDW-HR plates - Type L 
-Type H and -Type m. Fig. 20 exhibits the optical density spectra of LDW-IR plates- 
Type I, - Type H and -Type IE. LDW-HR plates-Type I, -Type H and -Type m as 
well as LDW-IR plates -Type I, -Type H and -Type m are HEBS-glass No. 3 having 
been darkened with flood electron gun, using the acceleration voltage and electron 
dosage of the electron beam exposure as variable parameters. 

LDW-glass photomask blanks are monolithic silicate glass plates with no 
coating of any kind. LDW-glasses contain a large number density of coloring specks 
of silver within 1 urn in the thickness dimension into the glass surface. A focused 
laser beam of any wavelength in the spectral range of near uv, visible (e.g., 514 nm, 
632 nm and 647 nm), near infrared (e.g. 820 nm and 1060 nm) and infrared (e.g. 
10.6 urn) can be used to heat erase these coloring specks, causing a portion or all of 
the coloring specks of silver in glass to become colorless silver ions. The 
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transmittance of LDW-glass plates increases with increasing writing-energy density 
of a focused laser beam. The required writing energy density is a function of the 
wavelength of write beam, writing velocity, i.e., the speed of laser sweep, the 
intensity profile of the focused laser beam and the value of %T at the desired gray 
level. For example, having been exposed to an energy density of 2 joule/cm 2 a write 
beam at the wavelength of 514 nm and a writing velocity of 4 meters/sec, LDW-HR 
plate-type I becomes totally transparent. 

At any given writing velocity, there exists an erasure-threshold-intensity 
lETh helow which there is no change in optical density of LDW-glass plates even 
with multiple retraces. Using a write-beam intensity above the erasure-threshold- 
intensity lETh' ^ e optical density of LDW-glass plates reduces with each additional 
retrace and the LDW-glass plates can be erased to a transparent state with multiple 
retraces. As the write-beam intensity increases further above the erasure-threshold- 
intensity lETh> retraces needed to bring about the transparent state decrease in 
number. LDW-glass plates are made transparent in one laser sweep i.e., no retraces 
at a full-erasure-intensity Ipg. 

At any given writing velocity, there also exists an abrasion-threshold- 
intensity lATh at and above which the LDW-glass plates are abraded or damaged on 
the glass surface due to excessive temperature (>800°C) at the laser focused spot. 
However, the abrasion is not a pure thermal effect, since the abrasion-threshold- 
intensity lATh i s lower using a write beam of a shorter wavelength. 

At a given writing velocity, the write-latitude is defined as the difference 
lATh " IFE between the abrasion-threshold-intensity and the full-erasure-intensity. 
The write-latitude increases with decreasing writing velocity and also increases with 
a write-beam of a longer wavelength. 

At a writing velocity of 1 to 4 meter/sec the required writing energy density 
for full erasure is 2 to 4 joule/cm 2 using a write-beam whose wavelength in the 
spectral range of 488 nm to 1060 nm, provided the optical density of the LDW-glass 
plate is in excess of about 0.5 at the wavelength of the write-beam. 

The values of the writing energy density cited are based on experimental data 
using write-beams having a Gaussian intensity profile at the focused laser spot. One 
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can expect the required writing energy density to reduce by a factor of more than 2 
and the write-latitude increases, when a flat top intensity profile is utilized. 

Multigray levels were written in LDW-glass plates using the writing velocity 
or laser beam intensity or multiple retraces or a combination thereof as variable 
parameters. 

A LDW-glass photomask with multi-gray levels is ideally suited for 
fabrication of diffractive optical elements (DOE), Micro-electro-mechanical (MEM) 
devices, Micro-Opto-electro-mechanical (MOEM) devices, A mask for 32 phase 
levels of DOE is made by exposing in a laser beam writer with predetermined energy 
density levels according to a depth versus optical density calibration curve. 

To transfer a multilevel resist structure of DOE into quartz through a dry 
etching process, the relative etch rate between photoresist and quartz substrate can 
be so chosen to achieve the final needed etch depth 3 to 6 times that in the resist. 
Therefore for the fabrication of DOE in quartz a surface height variation of 1 \im in 
the resist results in a depth modulation in quartz of ud to 6 jim. 

The optical density at the wavelength of optical lithographic exposure tool, 
e.g., 436 nm (G line of mercury arc) is 1.4, 2.4 and 3.0 for LDW-HR plates type I, 
type II and type III respectively. The corresponding optical density at 365 nm (I line) 
is 1.0, 1.6 and 2.0 for type I, type II and type HI plates respectively. The optical 
density at 405 nm (H line) is 1.2, 2.0 and 2.7 for type I, type II and type m plates 
respectively. The optical density of type III plates exceeds 3.0 in the spectral range 
of 430 nm to 615 nm. Depending on the photoresist, and its thickness requirement, 
one can select among type I, type II and type III of LDW-HR plates for the required 
optical density at the wavelength of lithographic exposure tool. LDW-HR plates 
having optical density of any specified value that is the same or different from those 
of type I, type n and type m plates are fabricated by controlling the variable 
parameters in the darkening process using a high energy beam. The increased 
optical density values from type I to type II to type III plates are due primarily to an 
increased thickness of the colored glass layer. 

LDW-HR plate-type I has a larger write-latitude than the type II plate which 
in turn has a better write-latitude than the type DI plate. 
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LDW-HR plates are recommended for write-wavelengths shorter than about 
900 nm and is also good for a write beam using CO a laser at 10.6 jam wavelength. 
For write-wavelengths longer than about 750 nm, LDW-IR plates are preferred. 

The optical density values at the wavelength of optical lithographic exposure 
tool, e.g. 436 nm are 1.2, 1.8 and 2.6 for LDW-IR plates type I, type II and type m 
respectively. The corresponding optical density values at 365 nm are 1 .4, 1 .8 and 
2.1 for type I, type II and type HI plates respectively. The optical density values at 
405 nm are 1.2, 1.8 and 2.4 for type I, type II and type HI plates, respectively. The 
optical density of type II plates exceeds 3.0 in the spectral range of 570 nm to 805 
nm. The optical density of type HI plates exceeds 3.0 in the spectral range of 490 nm 
to 915 nm. Depending on the wavelength of a laser writer and on the photoresist 
thickness requirement, one can select among type I, type II and type HI of LDW-IR 
plates. LDW-IR plates having optical density values that are the same or different 
from those of type I, type II and type HI plates are fabricated by controlling the 
variable parameters in the darkening process vising a high energy beam. The 
increased optical density values from type I to type II to type HI plates are due 
primarily to an increased thickness of the colored glass layer. The type I plate has a 
larger write latitude than type II plate which in turn has a better write-latitude than 
the type III plate. 

Due to the effect of the erasure-threshold intensity, there is little or no soft 
line-edges in the laser direct write patterns recorded in LDW-glass plates using a 
focused laser beam with a Gaussian intensity profile. The recorded spot size in 
LDW-glass plates is substantially smaller than the size of the airy disc of the focused 
laser spot in air. Moreover, the grain size of coloring specks of silver in the LDW- 
glass is of atomic dimension, and LDW-glass plates have no graininess. Submicron 
features were recorded in LDW-glass plates using laser beams of various visible 
wavelengths focused with an objective lens which has a numerical aperture as low as 
0.25. 

Absorption-Phase-Shift Mask 
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A binary absorption HEBS-glass mask becomes a binary phase-shift mask 
upon a selective wet chemical etching or a dry etching process. Starting with a 
HEBS-glass blank having an e-beam sensitized glass layer which is sufficiently thick 
so that the binary phase-shift mask is still sensitive to e-beam, a second e-beam 
exposure produces an absorption-phase-shift mask. 

Advantages of Direct Write All-Glass Photomasks 
Direct write all-glass photomask blanks includes HEBS-glass photomask 
blanks and LDW-glass photomask blanks. 

Direct write on HEBS-glasses or LDW-glasses create instant photomasks, 
and eliminate chrome and photoresist, and their associated processing chemicals. 
This is a zero-waste, inexpensive solution for mask making. By employing the all- 
glass photomask blanks, photomasks meeting specifications containing the most 
stringent defect levels can be prepared consistently. Advantages gained in using all- 
glass photomask blanks include the following: 

1. Photomasks can be patterned from all-glass blanks without a number of 
processing steps. 

2. The advantages that can be expected from eliminating the post exposure 
processing steps include faster turnaround, better line width control and much lower 
defect densities. 

3. Defects such as intrusion, extrusion, lack of adhesion, excess 
material/chrome spots and scratches in chrome are eliminated due to the elimination 
of chrome and resist as well as the associated processing steps. 

4. No post exposure process-induced CD variation. No process induced 
image quality problems (e.g., line distortion) due to resist swelling during baking. 

5. The direct write all-glass photomasks are non-reflective, and have near 
zero difference in reflectivity between darkened and undarkened areas. Reflectivity 
is 4% which is much less than that of the anti-reflective chrome at all wavelengths. 

6. White light is a safe light for the all-glass photomask blanks enabling 
inspection of the mask-blanks with intense white light before, during, and after the 
pattern is generated. 
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7. The all-glass mask is more durable than a chrome mask since the all-glass 
mask is less sensitive to surface scratching due to its volume effect, i.e., the masking 
pattern is within the glass surface rather than on the surface. 

8. For contact printing, the all-glass masks have long life times and more 
wafers produced per mask. 

9. The sensitivity of an all-glass blank is very uniform throughout the whole 
blank surface. Therefore, good CD control is not limited to the center of the mask. 
In contrast, chrome blanks often have the non-uniform photoresist coating thickness 
near the edges of the chrome plate. 

10. Easy re-inspection of accepted masks; since there exists no scattered 
light from a clean all-glass photomask (without the chrome features which scatter 
light in the image plane), defects such as dust particles, fingerprints, and scratches 
are readily observable/detected in the passage of an intense light beam in a dark 
room. No expensive inspection equipment are needed to re-inspect used masks, or 
could-be contaminated masks. 

1 1 . Unlike chrome blanks, there is no chemical waste problems. 

Applications of The Direct Write All-glass Photomask Blanks 
Surfaces with three dimensional structures are required in several fields of 
micro technology. Structures with sawtooth profile (blaze) increases the efficiency 
of DOE. Tapered structures offer more flexibility in the design of micro-electronics 
and micro mechanical components. Examples of 3D shaping using HEBS-glass gray 
level masks and/or LDW-glass gray level masks are: 

1. Tapered structures for microelectronics, e.g. tapered structures in thick 
polyimide to realize electrical connection between two metallic layers separated by 
the thick polyimide, 

2. Micro optical devices such as diffractive and refractive micro lenses, 
bifocal intraocular lenses, widely asymmetric DOE, miniature compact disc heads, 
anti reflective surface, complex imaging optics, grating couples, polarization- 
sensitive beam splitters, spectral filters, wavelength division multiplexers, elements 
for head-up and helmet mounted display, for focal plane optical concentration and 
optical efficiency enhancement, for color separation, beam shaping, and for 
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miniature optical scanners, microlens arrays, diffraction gratings, laser diode array 
collimators and correctors, aberration correction, hybrid optics, microprism arrays, 
micromirror arrays and Bragg gratings. 

3. Integrated optical components, two dimensional fanout gratings, optical 
5 interconnect, signal switching, fiber pig tailing, DOE to couple light from a laser 

into a fiber, 

4. Micro-electro-mechanical (MEM) devises for sensors and actuators in 
automotive, machine tools, robotics and medical instrumentation, also devices for 
applications in micro valves, inertial micro sensors, micro machined RF switches, 

0 GPS component miniaturization, and a host of other sensors and actuators for 

applications to space, air, land, and sea vehicles, as well as industrial, biotechnology 
and future consumer electronics, 

5. Micro-opto-electro-mechanical (MOEM) devices such as laser scanners, 
optical shutters, dynamic micro mirrors, optical choppers and optical switches. 
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What is claim is: 

1 . A transparent High Energy Beam Sensitive-glass (HEBS-glass) which 
in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to an electron beam using an electron beam pattern 
generator operated with a write scheme having a value of acceleration 
voltage selected from 20 to 30 kV, a value of addressing grid size 
selected from 0.1 to 0.4 micrometer, and a value of beam current selected 
from 25 to 250 na, the electron beam darkening sensitivity in the linear 
portion of the sensitivity curve, is at least 2.454 unit of optical density 
value in the spectral range of 365 nm to 630 nm per milli coulomb/cm 2 . 

Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% SiQ 2 . 
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2. A transparent HEBS-glass of Claim 1 wherein the HEBS-glass has 
utility in making a gray scale mask with multi-gray levels, each of said gray levels 
having a predetermined optical density value which is obtained through exposure to 
a predetermined electron dosage. 

3. A transparent HEBS-glass of Claim 2 wherein said gray scale mask 
can be utilized in making three dimensional microstructures with general three 
dimensional surfaces in photoresist through a single optical exposure in a 
photolithographic process. 

4. A transparent HEBS-glass of Claim 3 wherein the profile of said 
three dimensional surface is transferred into a substrate material using an etching 
process. 

5. A transparent HEBS-glass of Claim 4 wherein the three dimensional 
microstructures include micro-optical devices, microelectrical devices, micro-opto- 
electromechanical devices, integrated optical devices, two-dimensional fanout 
gratings, optical interconnects, fiber pigtailing, diffractive optical elements, 
refractive microlens arrays, microprism arrays, micromirror arrays and Bragg 
grating. 

6. A transparent HEBS-glass of a Claim 4 wherein the three 
dimensional microstructures include 1 .) Tapered structures for microelectronics, e.g. 
tapered structures in thick polyimide to realize electrical connection between two 
metallic layers separated by the thick polyimide, 2.^ Micro optical devices such as 
diffractive and refractive micro lenses, bifocal intraocular lenses, widely asymmetric 
DOE, miniature compact disc heads, anti reflective surface, complex imaging optics, 
grating couples, polarization-sensitive beam splitters, spectral filters, wavelength 
division multiplexers, elements for head-up and helmet mounted display, for focal 
plane optical concentration and optical efficiency enhancement, for color separation, 
beam shaping, and for miniature optical scanners, microlens arrays, diffraction 
gratings, laser diode array collimators and correctors, aberration correction, hybrid 
optics, microprism arrays, micromirror arrays and Bragg gratings, 3.) Integrated 
optical components, two dimensional fanout gratings, optical interconnect, signal 
switching, fiber pig tailing, DOE to couple light from a laser into a fiber, 4.) Micro- 
electro-mechanical (MEM) devises for sensors and actuators in automotive, machine 
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tools, robotics and medical instrumentation, also devices for applications in micro 
valves, inertial micro sensors, micro machined RF switches, GPS component 
miniaturization, and a host of other sensors and actuators for applications to space, 
air, land, and sea vehicles, as well as industrial, biotechnology and future consumer 
electronics, 5.) Micro-opto-electro-mechanical (MOEM) devices such as laser 
scanners, optical shutters, dynamic micro mirrors, optical choppers and optical 
switches ^ 

7. Another product of the present invention is a transparent HEBS-glass 
which in bodies of 0.090 inch cross section will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to a value X in milli coulomb/cm 2 of electron dosage with 
an electron beam writer operated at a beam acceleration voltage of 20 kV, 
an addressing grid size of 0.2 micrometer and a beam current of 150 na 
will darken to a net optical density value Y at 435 nm substantially in 
accordance with the equation stated immediately below; 

Y= -278.14x 6 + 503.66x 5 - 329.14x 4 +89.552x 3 - 1 1.422x 2 + 5.4742x 
Said HEBS-glass having a base glass composition consisting essentially on the mole 
% oxide basis 1 1.4 to 17.5% of one or more alkali metal oxide, 2.4 to 10.2% total of 
photosensitivity inhibitors and RS suppressing agents including 2.4 to 10.2% T1O2, 
1.1 to 2.4% AI2O3, 0 to 4.6% B2O3, 3.7 to 13.2% ZnO, 0.5 to 6% CI and 58.2 to 
78.8% Si02., has utility in making a gray scale mask with multi-gray levels, each of 
said gray levels having a predetermined optical density value which is obtained 
through exposure to a predetermined electron dosage, said gray scale mask can be 
utilized in making three dimensional microstructures with general three dimensional 
surfaces in photoresist through a single optical exposure in a photolithographic 
process. 

8. A transparent HEBS-glass of Claim 7 of wherein the profile of said 
three dimensional surface is transferred into a substrate material using an etching 
process. 

9. A transparent HEBS-glass of Claim 8 wherein the three dimensional 
microstructures include micro-optical devices, microelectrical devices, micro-opto- 
electromechanical devices, integrated optical devices, two-dimensional fanout 
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gratings, optical interconnects, fiber pigtailing, diffractive optical elements, 
refractive microlens arrays, microprism arrays, micromirror arrays and Bragg 
grating. 

10. A transparent HEBS-glass of Claim 8 wherein the three dimensional 
microstructures include 1.) Tapered structures for microelectronics, e.g. tapered 
structures in thick polyimide to realize electrical connection between two metallic 
layers separated by the thick polyimide, 2.) Micro optical devices such as diffractive 
and refractive micro lenses, bifocal intraocular lenses, widely asymmetric DOE, 
miniature compact disc heads, anti reflective surface, complex imaging optics, 
grating couples, polarization-sensitive beam splitters, spectral filters, wavelength 
division multiplexers, elements for head-up and helmet mounted display, for focal 
plane optical concentration and optical efficiency enhancement, for color separation, 
beam shaping, and for miniature optical scanners, microlens arrays, diffraction 
gratings, laser diode array collimators and correctors, aberration correction, hybrid 
optics, microprism arrays, micromirror arrays and Bragg gratings, 3.) Integrated 
optical components, two dimensional fanout gratings, optical interconnect, signal 
switching, fiber pig tailing, DOE to couple light from a laser into a fiber, 4.) Micro- 
electro-mechanical (MEM) devises for sensors and actuators in automotive, machine 
tools, robotics and medical instrumentation, also devices for applications in micro 
valves, inertial micro sensors, micro machined RF switches, GPS component 
miniaturization, and a host of other sensors and actuators for applications to space, 
air, land, and sea vehicles, as well as industrial, biotechnology and future consumer 
electronics, 5.) Micro-opto-electro-mechanical (MOEM) devices such as laser 
scanners, optical shutters, dynamic micro mirrors, optical choppers and optical 
switches. 

1 1. A Laser Direct Write-glass (LDW-glass) which is a High Energy Beam 
Sensitive-glass (HEBS-glass) having been uniformly darkened to a predetermined 
optical density value, said predetermined optical density value is at least the 
maximum optical density value of a pre-designed gray scale mask with multi-gray 
levels, said LDW-glass prior to being darkened with an electron beam or a flood 
electron gun is a transparent HEBS-glass which in bodies of 0.090 inch cross section 
will exhibit the following properties: 
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(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to an electron beam with a flood electron gun or with an 
electron beam pattern generator operated at a value of acceleration 
voltage selected from 20 to 30 kV, the electron beam darkening 
sensitivity in the linear portion of the sensitivity curve, is at least 2.454 
unit of optical density value in the spectral range of 365 nm to 630 nm 
per milli coulomb/cm 2 . 

Said HEBS-glass having a base glass composition consisting essentially on 
the mole % oxide basis 11.4 to 17.5% of one or more alkali metal oxide, 2.4 to 
10.2% total of photosensitivity inhibitors and RS suppressing agents including 2.4 to 
10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 4.6% B2O3, 3.7 to 13.2% ZnO, 0.5 to 6% CI 
and 58.2 to 78.8% SiC>2, said gray scale mask is made by exposure to a focused laser 
beam, said multi-gray levels are made using laser write speed and/or laser beam 
intensity and/or number of retraces as a variable write parameters. 

12. A LDW-glass of Claim no. 11 wherein said gray scale mask can be 
utilized in making three dimensional microstructures with general three dimensional 
surfaces in photoresist through a single optical exposure in a photolithographic 
process. 

13. A LDW-glass of Claim 12 wherein the profile of said three dimensional 
surface is transferred into a substrate material using an etching process. 

14. A LDW-glass of Claim 13 wherein the three dimensional microstructures 
include micro-optical devices, microelectrical devices, micro-opto- 
electromechanical devices, integrated optical devices, two-dimensional fanout 
gratings, optical interconnects, fiber pigtailing, diffractive optical elements, 
refractive microlens arrays, microprism arrays, micromirror arrays and Bragg 
grating. 

15. A transparent HEBS-glass of a Claim 13 wherein the three dimensional 
microstructures include 1.) Tapered structures for microelectronics, e.g. tapered 
structures in thick polyimide to realize electrical connection between two metallic 
layers separated by the thick polyimide, 2.) Micro optical devices such as diffractive 
and refractive micro lenses, bifocal intraocular lenses, widely asymmetric DOE, 
miniature compact disc heads, anti reflective surface, complex imaging optics, 
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grating couples, polarization-sensitive beam splitters, spectral filters, wavelength 
division multiplexers, elements for head-up and helmet mounted display, for focal 
plane optical concentration and optical efficiency enhancement, for color separation, 
beam shaping, and for miniature optical scanners, microlens arrays, diffraction 
gratings, laser diode array collimators and correctors, aberration correction, hybrid 
optics, microprism arrays, micromirror arrays and Bragg gratings, 3.) Integrated 
optical components, two dimensional fanout gratings, optical interconnect, signal 
switching, fiber pig tailing, DOE to couple light from a laser into a fiber, 4.) Micro- 
electro-mechanical (MEM) devises for sensors and actuators in automotive, machine 
tools, robotics and medical instrumentation, also devices for applications in micro 
valves, inertial micro sensors, micro machined RF switches, GPS component 
mmiaturization, and a host of other sensors and actuators for applications to space, 
air, land, and sea vehicles, as well as industrial, biotechnology and future consumer 
electronics, 5.) Micro-opto-electro-mechanical (MOEM) devices such as laser 
scanners, optical shutters, dynamic micro mirrors, optical choppers and optical 
switches. 

16. A Laser Direct Write-glass (LDW-glass) which is a High Energy Beam 
Sensitive-glass (HEBS-glass) having been uniformly darkened to a predetermined 
optical density value, said predetermined optical density value is at least the 
maximum optical density value of a pre-designed gray scale mask with multi-gray 
levels, said LDW-glass prior to being darkened with an electron beam or a flood 
electron gun is a transparent HEBS-glass which in bodies of 0,090 inch cross section 
will exhibit the following properties: 

(a) the transmittance is more than 88% at 436 nm 

(b) upon exposure to an electron beam with a flood electron gun or with an 
electron beam pattern generator operated at a value of acceleration 
voltage selected from 10 to 100 kV, the HEBS-glass is darkened to a 
predetermined optical density value which is at least the maximum 
optical density value of a pre-designed gray scale mask with multi-gray 
levels, said HEBS-glass having a base glass composition consisting 
essentially on the mole % oxide basis 1 1.4 to 17.5% of one or more alkali 
metal oxide, 2.4 to 10.2% total of photosensitivity inhibitors and RS 
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suppressing agents including 2.4 to 10.2% Ti0 2 , 1.1 to 2.4% A1 2 0 3 , 0 to 
4.6% B 2 0 3 , 3.7 to 13.2% ZnO, 0.5 to 6% CI and 58.2 to 78.8% Si0 2 , said 
gray scale mask is made by exposure to a focused laser beam, said multi- 
gray levels are made using laser write speed and/or laser beam intensity 
and/or number of retraces as a variable write parameters. 

17. A LDW-glass of Claim 16 wherein said gray scale mask can be utilized 
in making three dimensional microstructures with general three dimensional surfaces 
in photoresist through a single optical exposure in a photolithographic process. 

18. A LDW-glass of Claim 17 wherein the profile of said three dimensional 
surface is transferred in to a substrate material using an etching process, the three 
dimensional microstructures include micro-optical devices, microelectrical devices, 
micro-opto-electromechanical devices, integrated optical devices, two-dimensional 
fanout gratings, optical interconnects, fiber pigtailing, diffiactive optical elements, 
refractive microlens arrays, microprism arrays, micromirror arrays and Bragg 
grating. 

19. A LDW-glass of a Claim 18 wherein the three dimensional 
microstructures include: 1.) Tapered structures for microelectronics, e.g. tapered 
structures in thick polyimide to realize electrical connection between two metallic 
layers separated by the thick polyimide, 2.) Micro optical devices such as diffiactive 
and refractive micro lenses, bifocal intraocular lenses, widely asymmetric DOE, 
miniature compact disc heads, anti reflective surface, complex imaging optics, 
grating couples, polarization-sensitive beam splitters, spectral filters, wavelength 
division multiplexers, elements for head-up and helmet mounted display, for focal 
plane optical concentration and optical efficiency enhancement, for color separation, 
beam shaping, and for miniature optical scanners, microlens arrays, diffraction 
gratings, laser diode array collimators and correctors, aberration correction, hybrid 
optics, microprism arrays, micromirror arrays and Bragg gratings, 3.) Integrated 
optical components, two dimensional fanout gratings, optical interconnect, signal 
switching, fiber pig tailing, DOE to couple light from a laser into a fiber, 4.) Micro- 
electro-mechanical (MEM) devises for sensors and actuators in automotive, machine 
tools, robotics and medical instrumentation, also devices for applications in micro 
valves, inertial micro sensors, micro machined RF switches, GPS component 
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miniaturization, and a host of other sensors and actuators for applications to space, 
air, land, and sea vehicles, as well as industrial, biotechnology and future consumer 
electronics, 5.) Micro-opto-electro-mechanical (MOEM) devices such as laser 
scanners, optical shutters, dynamic micro mirrors, optical choppers and optical 
5 switches. 

20. A transparent HEBS-glass of Claim 1 wherein the write scheme is 
selected from the write schemes of Table 2 which is incorporated herein by 
reference, said electron beam darkening sensitivity of the HEBS-glass is 
substantially represented by the sensitivity curve corresponding to that of the chosen 
10 write scheme of Table 2. 
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DIRECT WRITE ALL-GLASS PHOTOMASK BLANKS 



ABSTRACT 

A narrowly definedjzinc silicate glass composition^ found to produce High 
Energy Beam Sensitive-glass (HEBS-glass) that possesses the essential properties of 
a true gray level mask which is necessary for the fabrication of general three 
dimensional microstructures with one optical exposure in a conventional 
photolithographic process. The essential properties are (1) A mask pattern or image 
is grainiless even when observed under optical microscope at lOOOx or at higher 
magnifications. (2) The HEBS-glass is insensitive and/or inert to photons in the 
spectral ranges employed in photolithographic processes, and is also insensitive 
and/or inert to visible spectral range of light so that a HEBS-glass mask blank and a 
HEBS-glass mask are permanently stable under room lighting conditions. (3) The 
HEBS-glass is sufficiently sensitive to electron beam exposures, so that the cost of 
making a mask using an e-beam writer is affordable for many applications. (4) The 
e-beam induced optical density is a unique function of, and is a very reproducible 
function of electron dosages for one or more combinations of the parameters of an e- 
beam writer. The parameters of e-beam writers include beam acceleration voltage, 
beam current, beam spot size and addressing grid size. 
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ELECTRON DOSAGE (nC/cm2) 

Fig. 6 
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30kv, 0.4micron, 250na, 365nm 

y = 19708x 6 - 17787X 5 + 6181.2x 4 - 1063.8x 3 + 85.688X 2 + 3.3806X + 0.0988 
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electron dosage (milli-coulomb per cm A 2) 



Fig. 7 (d) 
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30kv, 0.4micron, 250na, 435nm 

y = -1 5440x 6 + 1 2082x s - 3761 .5x 4 + 555. 1 5x 3 - 40.41 4X 2 + 1 0.637X 

R 2 = 0.9999 
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electron dosage (milli-coulomb per cm A 2) 

Fig. 7 (e) 



( 



11/24 



30kv, 0.4micron, 250na, 530nm 

y = 46062X 6 - 381 46x 5 + 12229x 4 - 2013.9X 3 + 173.69X 2 + 5.8097X + 0.0174 

R 2 = 1 

3 n 
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30kv, 0.4micron, 250na, 630nm 

y = 51961x 6 - 43905x s + 14402x 4 - 2361 .2x 3 + 197.27X 2 + 2.2436x + 0.0222 

R 2 = 0.9999 
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Electron Dosage (micro-coulomb per cm square) 

Fig. 8 
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a.) HEBS-Glass mask material exposed in e- 
beam writer 



b.) Gray-Level mask generated in HEBS-Glass 



c.) Photoresist exposure in optical lithography 
tool 



d.) Resist surface profile after development 



e.) Surface profile in substrate material 
after CAIBE transfer step 



Fig. 12 
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-| HEBS-GIass material exposed in e-beam writer 



Gray-Level mask generated in HEBS-GIass 





Photoresist exposure in mask-aligner 



Resist surface profile after development 



"*"^| Lens profile after etching transfer step 



Fig. 13 
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Fig. 14 
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. Net optical density at 43 5nm 

Fig. 17 
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Fig.20 
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